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ABSTRACT 
 
Traumatic  brain  injury  (TBI) is a  major  cause  of  morbidity  and  mortality that 
eventually leads to diffuse axonal injury (DAI) which has the mortality rate of 42%-62%.  
DAI is dependent on the inertial forces from  rapid  head  accelerations/decelerations  as  
well  as  the  propagation  of  force  through  the  brain  after  impact,  usually caused by 
traffic accidents, assaults and falls, that deform the white matter and eventually lead to 
DAI.  The  two  distinct  types  of  axonal  pathology  arising  from  DAI  are  the  swellings  
that  induced  by  the  neurofilament accumulation as a result of axonal dysfunction, the 
damaged neurofilament structure in the axonal cytoskeleton and focal compaction and/or 
impaired transport due to the mechanical insult along the axons, followed by secondary 
axotomy, and the axonal bulbs which likely represent complete axonal disconnection, 
referred as axonal disruption in this study. DAI can be detected histologically by the 
visualization of the above mentioned morphological indications using 
immunohistochemical labeling of multiple proteins which accumulates in injured axons.  
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In this study, axonal injury induced by uniaxial stretch on cultured cells in order to 
clarify the relation between the impulsive strain, strain rate, and axonal injury thresholds 
and provide an experimental, cell level, biomechanics based injury criteria to the 
literature. Uniaxial single stretching experiments are conducted in order to understand the 
biomechanics of moderate and severe axonal injury. Uniaxial repetitive stretching method 
is proposed as a valid method to study mild axonal injury which can not be examined by 
conventional methods. Further, stretching experiments on directionally oriented axons 
are performed in order to propose an additional method in order to obtain a full 
undertanding on neuronal tolerance. Finally, results from experiments are summarized as 
tolerance data for axonal dysfunction and axonal disruption separately to explain the 
strain and strain rate influence on neuronal tolerance clearly. Evaluation is performed by 
immunohistochemical labeling, and the morphology was observed before and after 
stretching.  
 
 
  
 3 
神経軸索損傷の耐衝撃引張特性に関する研究 
Evrim Kurtoglu 
ヒューマンメカトロニクス部門，博士論文，2017 
 
論文指導教官：青村 茂 教授 
 
キーワード：外傷性頭部外傷，びまん性軸索損傷，軸索損傷閾値，マウス神経
幹細胞，一軸引張 
    
概 要（Abstract） 
 
 
外傷性脳損傷（TBI）は，時には死亡率が 42～62％におよぶびまん性軸索損傷
（DAI）の最大の原因である。TBI は，一般的に交通事故，傷害，転落によって
引き起こされ，脳への急激な加速/減速による慣性力や衝撃後の力の伝播が原
因であり，白質を変形させ，その結果 DAI に至る．DAI により生じる軸索病理
には 2 つの異なる種類があり，軸索瘤は軸索細胞骨格における損傷したニュー
ロフィラメントの蓄積や軸索への機械的損傷による二次的な軸索切開，局所的
圧縮，軸索輸送障害によって誘発され，軸索球は完全な軸索の切断を示す可能
性が大きい．DAI は，損傷した軸索に蓄積する複数のタンパク質の免疫組織化
学的染色を用いて，上記の軸索病理の視覚化によって組織学的に検出すること
ができる． 
本研究では，衝撃ひずみ，ひずみ速度と軸索損傷閾の閾値の関係を明らかに
するために，分化したマウス神経幹細胞に一軸引張加重を負荷して軸索損傷を
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引き起こして観察を行った．従来の手法では損傷を識別できない，よりマイル
ドな軸索損傷を識別するために，一軸繰り返し弱衝撃負荷法を提案した．さら
に神経細胞の耐性をより詳細に把握するために，直線的に軸索の伸長方向を制
御した引張り実験を提唱した．最終的にこれらの結果はひずみとひずみ速度に
対する神経細胞の耐性を、それぞれ機能不全と機能遮断にわけてまとめられた．
それぞれにおいて免疫染色により損傷前と後で形態変化が観察された． 
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CHAPTER 1 
 
1.1 Overview of Neuronal Injury  
 
Traumatic  brain  injury  (TBI) is a  major  cause  of  morbidity  and  mortality  [1], 
in the United States alone, the estimated number  for  annual  occurrence  of  TBI  is  
1,700,000  [2]  whereas  in Asia 300-400, and in European countries (average of the 23 
countries) 200-300 people per 100 000 are hospitalized annually due to TBI [3-5]. 
Whereas mild TBI (mTBI) or concussion [1,6], in spite of the name “mild”, causes 
approximately 15% of mTBI patients to suffer persistent cognitive dysfunction in the 
United States alone [7]. Furthermore, several studies on professional athletes and  military 
personnel  have  reported  that  these cognitive  dysfunctions  become  measurably  long-
term deficits, such as delayed speed of processing and memory dysfunction, after 
“repetitive” mTBI (r-mTBI), contributing to the emerging hypothesis that r-mTBI may 
cause cumulative damage to the brain, and in the absence of cell death, could  result  in  
cognitive  deficits  which  may  ultimately  progress  to memory and learning dysfunction 
[8-16]. 
Traumatic brain injury is associated with the progressive neurodegeneration 
followed by extended or permanent loss of sensory, motor and/or cognitive function [17-
20] and has a wide spectrum of mechanisms of injury and pathologies. Main differences 
between the types of brain trauma are characterized under two major categories, focal and 
diffuse brain injury, where focal brain injury is usually related with impact forces that 
may produce  cerebral contusions and hematomas, on the other hand, diffuse brain injury 
is dependent on the inertial forces from  rapid  head  accelerations/decelerations  as  well  
as  the  propagation  of  force  through  the  brain  after  impact,  usually caused by traffic 
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accidents, assaults and falls, that deform the white matter and eventually lead to diffuse 
axonal injury (DAI) [21-23] which has the mortality rate of 42%-62% [24-25].   
Additionally, increasing evidence suggests that mTBI patients also suffer from DAI.  
Considering  that  DAI  is involved in the immediate loss of consciousness after TBI and 
several studies have shown white matter abnormalities consistent with DAI in mTBI 
patients [26-28], there is a strong possibility of a potential mechanism  which  leads  to  
vulnerability  with  a  repeat  injury  since phenotypic or physiologic changes of the 
injured axons would likely influence outcome following r-mTBI and that DAI has an 
important role in r-mTBI.   
Considering axons are viscoelastic biological materials, their mechanical response 
to this impulsive stretching depend on both the magnitude and the rate of strain. 
Furthermore, in DAI accidents are the most common cause where axons in white matter 
are exposed to high strain rates as the brain is rapidly deformed, there is a strong 
possibility that strain rate has an important effect and these effects should be investigated 
thoroughly.   
Moreover, a primary effect of dynamic deformation of axons following stretching 
is the dysfunction and disruption of the axonal transport. The  two  distinct  types  of  
axonal  pathology  arising  from  the dysfunction and disruption of the axonal transport  
are  the  swellings  that induced by  the  neurofilament accumulation as a result of the 
damaged neurofilament structure in the axonal cytoskeleton and focal compaction and/or 
impaired transport due to the mechanical insult [29] along the axons followed by 
secondary axotomy, caused by a partial transport impairment hence axonal dysfunction, 
and the axonal bulbs which likely represent complete axonal disconnection, thus axonal 
disruption [30-32]. These cytoskeletal abnormalities which proceed to the formation of 
the swellings and secondary axotomy are the morphological indication of DAI whereas 
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primary axotomy is a relatively rare event [33-35]. Since axonal dysfunction and 
disruption imply different type and severity of axonal injury, the relation of this difference 
between the applied strain and strain rates should be investigated thoroughly for better 
understanding of neuronal biomechanics. 
Therefore, DAI can be identified histologically by the visualization of the above 
mentioned abnormal axonal profiles using immunohistochemical labeling of multiple 
proteins which accumulate in axonal swellings and bulbs [36-37]. Since the swellings and 
bulbs are observed at the early stage of axonal injury, the use of immunohistochemistry 
to assess axonal dysfunction and disruption has become a standard of neuropathology and 
trauma model diagnosis of DAI [29-37]. 
In addition, studies on mTBI have demonstrated a worsened outcome with repetitive 
TBI, where cell death and tissue damage are common consequences of moderate and 
severe TBI, not mTBI, yet cellular dysfunction and memory deficits are overt after mTBI 
[38-42].  However this cellular dysfunction occurring in mTBI cannot be investigated 
through immunohistochemical analysis unlike moderate and severe TBI therefore r-mTBI 
based model is proposed in this study to investigate mTBI histologically. 
While  most  common  injury  cascades  of  TBI  are  recognized  and  summarized  
as  cytoskeletal  damage,  calcium  influx, neurotransmitter  release,  and  mitochondrial  
dysfunction,  a  standard  treatment  protocol  has  not  yet  been  established [43]. 
Moreover, although being the most common type of pathology in TBI with an 
approximately 40-50% of occurrence rate out of the reported cases [44-45], the diagnosis 
of DAI without through histopathological examination, especially early or exact 
recognition of the extent of axonal injury, still remains as a major challenge since these 
injuries are not promptly detectable with standard techniques such as computed 
tomography (CT) or magnetic resonance imaging (MRI) scans as a consequence of the 
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microscopic and disperse nature of the axonal pathology of DAI [46-47]. Thus, 
investigation of injury neuromechanics is crucial in understanding neural tolerance and 
developing relevant therapies and/or diagnostic procedures for DAI. Applying the defined 
levels of physiological injury must be realized through reliable and accurate models in 
order to assess the extent of injury.  
In this study, a total of 171 experiments with 31 different mechanical impacts were 
applied to induce axonal injury by using uniaxial stretching on cultured cells in order to 
clarify the relation between the impulsive strain, strain rate and axonal injury thresholds. 
To the best of author’s knowledge, this is the first study to investigate axonal dysfunction 
and disruption separately. It is aimed to obtain injury criteria for axonal dysfunction and 
disruption independently in order to clarify the axonal injury type under impact, provide 
vital input for computational studies and contribute to the literature gap by explaining 
impact mechanics of axonal injury. Herein, evaluation is performed by 
immunohistochemical labeling, with β-APP and tau protein accumulation as biochemical 
markers of choice. 
 
1.2 Literature on In Vitro Studies for Neuronal Tolerance 
 
In order to understand the chemical and molecular cascades that occur after TBI, 
it has become increasingly important to develop models designed to mimic the forces and 
the deformation parameters of a traumatic insult.  
In vitro models have the advantage of providing repeatable, well-controlled, 
environmentally isolated experimental platform. Moreover these models are beneficial 
for providing simplicity from systemic responses, the ability to manipulate and observe 
cells during and after the insult, and the ability to apply a more controlled mechanical 
input than in the in vivo environment. The pathobiology can be monitored real-time and 
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within specific regions of interest in vitro and most importantly, the biomechanics of 
injury can be precisely controlled to determine the effects of different injury severities. 
Furthermore, in vitro models are most relevant to the clinical setting when used to study 
short term or acute cellular responses.  
To the present, numerous in vitro models have been developed varying from using 
dissociated cells [48-49]  to  organotypic  tissue  slices  [50]  and  from  applying  uniaxial  
[51-52] to biaxial strains [53-54], to understand the mechanical stimuli of the impact and 
the following responses of tissue and cells [55-57], and to investigate the different aspects 
of DAI such as post-injury rise in calcium level [58-60], electrophysiological responses 
of neurons  [48, 61], neurofilament structure and formations of axonal swellings [62].   
Some of the earliest models proposed are the in vitro transection models, focusing 
on primary axotomy and subsequent cell death, using a plastic stylet, rotating scribe, 
blades, and so on as shown in Figure 1 [63-68]. However limitations of these studies are 
that mechanical injury parameters are not prescribed and transection leading to primary 
axotomy is clinically relevant for only a very small percentage of brain injuries [69].   
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Figure 1. Transection models: dropped weight (W) B rotating spinner (ω) bottle 
to induce the primary injury C stylus to induce a primary injury, which can be designed 
to injure several regions of the culture simultaneously D laser (energy hv) to precisely 
injure local regions of the cell to study the regenerative or repair response [70] 
 
Weight-drop and impactor methods have also been employed at the tissue level in 
vitro to mimic focal injuries in which the severity of the injury can be controlled however 
applied force and tissue deformations are difficult to measure in these models therefore a 
complete characterization of injury biomechanics is not possible [71-72].  
Hydrostatic pressure models with static and transient pressure also applied to in 
vitro models [73-74] as can be seen from Figure 2, however under hydrostatic conditions 
brain deformations are very small thus to achieve a cellular response applied pressure 
needs to be increased to the levels far beyond that occur during TBI. Whereas with 
transient pressure models, pressure changes that occur during closed-head TBI or 
experimental fluid percussion injury (FPI) can be reproduced more accurately [75] 
although verification of tissue deformation can be challenging with these models.    
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Figure 2. Hydrostatic pressure injury model [76] 
 
The development of stretch injury models were instigated by a more accurate 
understanding of TBI biomechanics to reproduce in vivo brain deformation. Biaxial 
stretching models have been employed for cells and organotypic slices (thin slices of 
tissue which are maintained in culture for extended periods, usually more than 7 days) 
cultured on stretchable substrates and deformed under closed–loop computer control by 
circular hollow indenters as in Figure 3 [53-54, 77-80]. However, these models are not 
capable of applying controlled uniform deformation to cells and due to variations in 
membrane thickness and initial membrane tension, different amounts of deformation may 
be generated under a given pressure. 
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Figure 3. Biaxial stretching model: (A) Photograph of the stretch injury device 
with a well positioned for deformation. (B) A cross-section schematic of the mechanism 
to induce membrane stretch [77] 
 
Uniaxial injury models have been developed for injuring cells without the effects 
of cell body deformation hence creating in vivo-like axonal injury [62]. One model that 
has been used widely employs compressed gas to deform a clamped circular plate [78]. 
One important drawback of these models is that substrate strain is not homogeneous and 
not well characterized at higher strain rates [81-83]. Models that displacement controlled 
unlike force controlled as most models have also been proposed with the advantage of 
controlled uniform displacement [51-52]. Recent studies also combined uniaxial 
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stretching methods with microtunnel structures allowing to work on single cells rather 
than random cultures [84-85]. 
These previous studies have established the background for neuronal tolerance and 
provided insight on understanding the cellular mechanism of neuronal injury by 
suggesting that  the  degree  of  electrophysiological  impairment  and  morphological  
damage  of  neurons  is  directly  related  to  the magnitude and rate of axonal stretch. 
Furthermore, said in vitro models immensely improved our understanding on TBI 
biomechanics and suggested that during non-contact inertial occurrence of TBI, brain 
tissue is subjected to strains between 10-50% and at strain rates up to 50s-1 [80, 83, 86].  
However, the exact mechanisms that initiate secondary degeneration in DAI are yet 
to be fully characterized.  The  neuromechanics  of  underlying  pathways  determining  
axonal  injury  is  very  complex hence it is difﬁcult to discern the mechanical principles 
that govern physical and functional tolerance. Moreover, cellular level injury thresholds 
with respect to applied strain and strain rate are yet to be characterized, strain rate effects 
on neuronal tolerance and axonal injury thresholds are yet to be clarified, and the need 
for cellular level injury criteria remains unfulfilled. In order to address this need in the 
literature the in vitro uniaxial single stretching model explained in Chapter 2 is proposed 
in this study. 
Furthermore, the potential injury mechanisms involved in mild traumatic brain 
injury (mTBI) still remain unclear and research on mTBI is still in early stages. Although 
in vivo models contribute substantially in understanding pathological and physiological  
sequelae  on  macroscopic  and  microscopic  levels, complementing  these with  in  vitro  
studies  that  simulate specific aspects of  mTBI  is crucial to  address  questions  
concerning  post-injury sequelae and mTBI-related sub-lethal cellular dysfunction at the 
cellular and subcellular levels [87]. This research area is still at its early stages especially 
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in vitro since tracing the same neuron before and after stretching is challenging. In chapter 
3, the methodology to induce r-mTBI with a future combination of direction control 
method is introduced to address mTBI related axonal dysfunction. Although currently 
obtained results are premature to be included in the injury criteria, they sufficiently 
validated the model. Therefore to the author’s knowledge, this is the first study to use r-
mTBI to investigate the behavior of mTBI under impulsive stretching in order to propose 
an injury criteria covering the full mechanical range of TBI. 
Multiple injury models are necessary to cover the full spectrum of mechanical insults. 
Cells may also be vulnerable to different mechanical parameters depending on 
mechanical properties, orientation within the tissue, and other factors. Therefore, 
determining mechanical thresholds for neuronal cells is largely centered on determining 
susceptibility to varying stress and strain levels and the corresponding insult rate and 
duration. In addition, the mechanical properties of the tissue at the microscale [88], as 
well as cellular morphology and orientation, may play a role in the response to traumatic 
loading. To further investigate the effects of orientation and to support the mTBI model 
in vitro model of uniaxial stretching on direction controlled axons is also proposed and 
explained in Chapter 3. 
Hence, the novelty of this proposed study is being the; 
 First study aims to clarify neuronal tolerance under traumatic injury by providing 
an experimental, microscopic level, biomechanics based tolerance criteria with 
respect to applied strain and strain rate   
 First study to investigate axonal dysfunction and disruption independently to 
understand the dependency of injury type and severity on mechanical impact 
therefore to achieve a better understanding on neuronal biomechanics 
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 First study that investigates the effects of repetitive stretching in order to 
understand mTBI behaviour under impulsive stretching 
 
 
 
1.3 Aim of the Proposed Study 
 
TBI is a major worldwide healthcare problem and tools to predict head injury risk 
as well as injury location are severely needed. The traumatic injury thresholds for brain 
injury (including mild, moderate or severe TBI) in humans have been investigated  using  
several  approaches,  including  experimental animal  models,  physical  brain  surrogate  
models,  and  studies  in athletes  and military personnel  who  experience frequent head 
impacts and concussion. Computational models have also been applied, including 
analytical and finite element (FE) models.   
The first experimental, biomechanics-based, quantitative human brain injury 
criteria is the Wayne State Tolerance Curve (WSTC), which provides the basis for several 
current and widely used injury metrics, describes the relationship between linear head 
acceleration, duration of acceleration and onset of concussion. The  initial  tolerance curve 
predicted whether head injury would occur as a function of the  head  impact  duration  
and  the  average  linear  acceleration measured at the occiput [89-91]. With further 
investigations and developed instrumentation, the revised WSTC assumed that the 
underlying experimental impacts that caused a linear  skull  fracture  also  caused  a  
moderate  to  severe  cerebral concussion  [92-95]. The WSTC data provide the basis for 
many further studies and led to several injury metrics such as the Gadd Severity Index 
(GSI) [96], and the Head Injury Criterion (HIC), which is a measure of the likelihood 
of head injury arising from an impact and includes the effects of head acceleration and 
the duration of the acceleration [97]. These injury metrics are crucial to assess safety 
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related to vehicles, personal protective gear, and sports equipment as well as for 
therapeutic and pharmacological approaches for TBI. 
Despite the applications of the several injury criteria mentioned above, and what 
is known about bulk loading, the next generation of tolerance criteria should include 
cellular and tissue level thresholds. 
However, injury criteria proposed so far are entirely in body level and the need for 
cell level injury criteria still remains. Although bioengineering-oriented research has 
advanced our understanding of the nature of the mechanical forces and resulting head and 
brain motion during TBI, many neuroscience-oriented laboratories lack guidance with 
respect to fundamental biomechanical principles of TBI. Therefore, this study aims to 
clarify neuronal tolerance under traumatic injury by providing an experimental, 
biomechanics based tolerance criteria with respect to applied strain and strain rate as 
shown in Figure 4.  
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Figure 4. Aimed tolerance curve 
 
Furthermore, in this study, neruonal tolerance is investigated for axonal dysfunction 
and disruption independently in order to clarify the type and severity of axonal injury 
under impulsive stretching, understand biomechanics of neuronal injury better, and to 
contribute to the literature by being the first study to author’s knowledge that investigated 
axonal dysfunction and disruption separately. 
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In addition, as explained in previous chapter, due to the lack of literature on methods 
to investigate and understand the behaviour of mTBI, additional methods are established 
in this thesis to specifically adress m-TBI range in the injury criteria. 
Moreover, the ultimate goal for this study is to contribute to creating the FE human 
head model for injury risk and prediction, and since the fidelity of FE head model depends 
upon appropriate incorporation of anatomical detail, material model, accurate injury 
measures and experimental data for validation, results of this study will be vital for 
validation of the FE head model by comparing and correlating the simulation results 
against the experimental data to better predict the accuracy and fidelity of the model. 
To sum up, as explained above, this study aims; 
 To provide an experimental, cell level, biomechanics based injury criteria to the 
literature to understand the biomechanics of neuronal injury in terms of axonal 
dysfunction and disruption  
 To investigate mTBI by employing newly developed repetitive and direction 
controlled stretching methods 
 
1.4 Outline of the Thesis 
 
This thesis consists of the following five chapters. 
Chapter 1 describes the research background, previous works, novelty, and objectives 
of this study, reviews the literature on the DAI and neuronal tolerance, and points out the 
important in vitro studies that carried this research area to its current state. Chapter 1 also 
discusses the knowledge gap yet to be filled which being the aim of this study and finally 
gives a brief outline of the thesis. 
Chapter 2 explains the uniaxial single stretching experiments designed to 
investigate neuronal tolerance under impulsive stretching for moderate and severe TBI in 
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order to create a cellular level, experimental injury criteria. Chapter 2 also introduces the 
uniaxial stretching device which is used to induce impulsive stretch throughout the 
experiments and discusses the reasons for choosing uniaxial stretching model for this 
study. Brain, as well as axons which are exposed to impulsive stretching, are viscoelastic 
biological materials and their mechanical response depend on both the magnitude and the 
rate of strain. Moreover, the swellings and bulbs along the axons observed at the early 
stage of axonal injury can be reproduced by tensile stress on in vitro models and the 
pathology has a remarkably similar appearance of axonal swellings and bulbs found after 
diffuse brain injury in humans suffering brain trauma. Under  the  dynamic  loading  
conditions,  the  results  of  uniaxial stretching  are  more  appropriate  than  biaxial  
deformation  on  a membrane in order to understand the effect of strain rate on neuronal 
damage by stretching. Therefore, to expose cultured neurons to impulsive strain, an in 
vitro uniaxial stretch model is developed which can independently control strain and 
strain rate. Chapter 2 also introduces the configuration of the uniaxial stretching device 
and explains its loading mechanism. Fabrication method and displacement measurements 
of the PDMS chamber as well as calculation methods for the strain and strain rate are also 
explained in this chapter. Moreover, the neuronal stem cells which are used throughout 
this study, 4 days of cell culture procedure and cell seeding process into the PDMS 
chambers are explained and the cell density per chamber is clarified in this chapter. 
Chapter 2 further explains the 6 days cell differentiation procedure and shows the progress 
of cell differentiation by using phase contrast images. This chapter also describes two 
distinct pathologies arising from DAI which are axonal swellings and bulbs. The 
biomarker candidates for immunohistochemical analysis such as β-APP and tau protein 
are discussed and the reason they are chosen as the biomarkers for this study is explained. 
Then 2 days immunostaining analysis procedure used for the 2 weeks of injury analysis 
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is introduced and the analysis methods for axonal dysfunction and axonal disruption are 
defined. Immunostaining images for axonal swellings and bulbs are shown for further 
explanation in this chapter. In Chapter 2, the results from the uniaxial single stretching 
experiments are also provided with a discussion section to comment and explain the 
results and a brief summary section for whole chapter. 
Chapter 3 introduces the uniaxial repetitive stretching model to investigate the 
mTBI and further clarify the relation between neuronal tolerance and strain and strain 
rate. This chapter also explains the materials and methods used throughout this part of the 
study as well as the cell culture and morphological observation methods. In Chapter 3, 
results from the uniaxial repetitive stretching experiments are also provided with a 
discussion section to comment and explain the results and a brief summary section for the 
whole chapter.  
Chapter 4 explains the stretching experiments on direction controlled axons and 
how strain affects the neuronal tolerance depending on axonal orientation hence further 
clarifying the neuronal injury under impulsive stretching to support the repetitive 
stretching experiments, hence the investigation of mTBI. Chapter 4 also introduces a valid 
method for directional control of axonal elongation by using 2-D micropattern structures. 
Quasistatic stretching method also explained in this chapter with immunostaining and 
injury analysis methods. In Chapter 4, results from the stretching experiments on direction 
controlled axons are also provided with a discussion section to comment and explain the 
results and a brief summary section for whole chapter. 
Chapter 5 summarizes the important findings obtained in this study. 
 
 
 
 
 27 
 
CHAPTER 2 
 
2.1 Uniaxial Single Stretching Experiments 
 
Brain, as well as axons which are exposed to impulsive stretching, are viscoelastic 
biological materials and their mechanical response depend on both the magnitude and the 
rate of strain. Moreover, the swellings and bulbs along the axons observed at the early 
stage of axonal injury can be reproduced by tensile stress on in vitro models and the 
pathology has a remarkably similar appearance of  axonal  swellings and bulbs  found  
after  diffuse  brain  injury  in  humans suffering brain trauma [51, 62, 98-99 ]. In addition, 
uniaxial stretching is clinically more relevant to axonal injury where injured axons are 
found primarily in unidirectional white matter tracts and regions with large changes in 
brain tissue property [100-102]. Under  the  dynamic  loading  conditions,  the  results  of  
uniaxial stretching  are  more  appropriate  than  biaxial  deformation  on  a membrane in 
order to understand the effect of strain rate on neuronal damage by stretching. Therefore, 
to expose cultured neurons to impulsive strain, an in vitro uniaxial stretch model is 
developed, based on a previous study [51], which can independently control strain and 
strain rate. 
In this part of the proposed study, a total of 132 experiments were conducted with 
29 different mechanical impacts, as shown in Table 1, were applied to induce axonal 
injury by using uniaxial stretching on differentiated mouse neuronal stem cells in order 
to clarify the relation between the impulsive strain, strain rate and axonal injury thresholds 
for moderate and severe traumatic injury.  
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Table 1. Applied impacts under uniaxial single stretching experiments 
Impact Strain[%] Strain Rate[s-1] 
1 10 8 
2 10 10 
3 10 30 
4 10 50 
5 10 70 
6 12 11 
7 15 10 
8 15 11 
9 15 21 
10 15 27 
11 15 30 
12 15 38 
13 15 50 
14 15 70 
15 18 10 
16 18 15 
17 18 19 
18 18 25 
19 18 30 
20 18 50 
21 20 10 
22 20 30 
23 20 50 
24 20 70 
25 22 11 
26 22 21 
27 22 27 
28 22 38 
29 23 26 
 
To the best of author’s knowledge, this is the first study to investigate axonal 
dysfunction and disruption separately. It is aimed to obtain injury criteria for axonal 
dysfunction and disruption independently in order to clarify the axonal injury type under 
impact, provide vital input for computational studies and contribute to the literature gap 
by explaining impact mechanics of axonal injury. Herein, evaluation was performed by 
immunohistochemical labeling, with β-APP and tau protein accumulation as biochemical 
markers of choice. 
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2.2 Materials and Methods 
 
2.2.1 Uniaxial Stretching Device 
 
The  uniaxial stretching  device proposed in this study to expose cultured neurons 
to impulsive stretching  consists  of  a  servo  actuator  (RCS3-SA8C,  IAI, Shizuoka, 
Japan), a servo actuator controller (SCON-C; IAI), a linear sensor for measuring tensile 
displacement (LP-20F, Midori Precisions, Tokyo, Japan), a load cell for measuring tensile 
loading (TCLS, Toyo Sokki,  Kanagawa,  Japan),  a  load  cell  converter  (LC14111,  
Unipulse, Tokyo, Japan), a programmable logic controller, an A/D converter unit (KV-
3000 CPU, Keyence, Osaka, Japan), an AC power unit (KV-U7, Keyence) and a 
polydimethylsiloxane (PDMS) chamber which can be seen in Figure 5.  
 
 
 
Figure 5. The uniaxial stretching device and its components 
 
The schematic illustration of the loading mechanism of uniaxial stretching device 
is shown in Figure 6. The PDMS chamber is clamped to a microscope stage at one end 
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and connected to a stainless plate attached to the linear sensor and load cell on the other. 
The load cell is connected to a wire with a tip attached to an iron piece, which attaches to 
a magnet fixed on the slider of the servo actuator. The stainless plate connected to the 
PDMS chamber is pulled by the servo actuator via the wire. When the stainless plate is 
pulled up against the stopper, the iron piece detaches from the magnet on the slider, which 
continues moving.  Subsequently,  the  stretched  PDMS  chamber  returns  to  its  original  
position  by  elastic  force.  The stainless plate is static during acceleration of the actuator 
owing to the slack provided by the wire; hence, it is pulled at a constant velocity once 
tension is applied to the wire.  
 
 
Figure 6. Schematic for the loading mechanism of the uniaxial stretching device 
 
A detailed description of the device configuration and loading mechanism has been 
recently published [103]. 
The deformation of the center of the culturing surface in the PDMS chamber was 
measured experimentally. The Green-Lagrange strains of the culture substrate in the 
PDMS chamber were calculated by microscope images before and after the stretching. 
Deformations were calculated from two frames of reference which were undeformed and 
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deformed configurations and three points were selected on both reference frames defined 
as A, B, and C as shown below in Figure 7. 
 
 
Figure 7. Schematic of undeformed and deformed reference frames 
 
Two vectors, dX1 and dX2 
 were defined to represent the substrate segment of BA 
and BC respectively. To represent the change in the relative positions of A and C with 
respect to B as the material deforms, two more vectors were defined as dx1 and dx2 
respectively as shown in Figure 3. The deformation of the material was defined by the 
deformation gradient tensor F expressed as: 
 
 = ,  = ,  = 	  
                          (1) 
 
The deformation gradient tensor F can then be calculated from: 
 
[| = [|                                              (2) 
 = [|[|                                          (3) 
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The right Cauchy-Green deformation tensor C which reflects the substrate 
deformation with rigid rotations removed was defined as: 
 
  =                                                                 (4) 
 
where FT is the transpose of F. Green-Lagrangian strain tensor E also defined as: 
 
  =  ( − )                                                      (5) 
 
The strains on the central point of the culturing substrate in the stretching direction 
and perpendicular  direction  were  obtained  for  every  0.5  mm  displacement  to  4  mm  
in  total  and  plotted  in  Figure  8. The  results  showed  the  ratio  of  the  strain  
perpendicular  to  the strain  in  the  stretching  direction  stays  within  10% ensuring the 
desired uniaxial stretching conditions. 
 
 
Figure 8. Strains on the central point of the culturing substrate in the stretching 
direction and perpendicular direction 
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Strain rate was obtained by dividing the maximum strain by the time to maximum 
strain. The curves stood up by stretching, and converged by releasing with the same ratio 
as the standing up as can be seen in Figure 9. It was expected that the neurons on the 
substrate are stretched/compressed with a similar deformation history through the 
substrate. 
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Figure 9. Displacement measurement of PDMS chamber: Displacement of the 
culturing substrate fixed on the PDMS chamber for the uniaxial stretching is observed 
experimentally. The displacements correspond to the applied impacts are expressed as 
the function of time. 
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2.2.2 Fabrication of the PDMS Chamber 
 
The base, a PDMS-prepolymer and the curing agent (SYLGARD 184 Silicone 
Elastomer Kit, Dow Corning, Midland, MI, USA) were mixed in 10:1 mass ratio and the 
mixture was deaerated  in  a  round  desiccator  connected  to  a  dry  vacuum  pump.  The  
deaerated  mixture  was  poured  into  a  polystyrene  square  case  and  stainless  mold  
to  be  0.3  and  10  mm  in thickness,  respectively,  and  was  cured  on  a  hot  plate  at  
65°C  for  1h.  After curing, the two parts were bonded by the deaerated mixture and cured 
at 100°C overnight. 
 
 
Figure 10. Drawing of the PDMS chamber 
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Top, bottom, side and plan views of the PDMS chamber are provided in Figure 10. 
The PDMS well with 10 mm thickness was adhered to the cell culture surface in order to 
contain the culture media in the well and provide the mechanical support to eliminate 
most transverse contraction of the specimen thus, allowing the realization of the desired 
uniaxial stretching. Then the chamber was coated with PDL and Matrigel to enhance cell 
adhesion and differentiation. 
 
2.2.3 Cell Culture 
 
Homogeneous mouse neuronal stem cells (NSCs) were produced via unidirectional 
neuronal differentiation from mouse embryonic stem cells (ESCs) by using the neural 
stem sphere (NSS) method [104-105]. NSCs were plated onto Matrigel (BD Matrigel TM 
Basement Membrane Matrix Growth Factor Reduced; Invitrogen, Carlsbad,  CA)  coated  
dishes  and  allowed  to  proliferate  exponentially  in  proliferation  medium  (PM)  
consisting  of Neurobasal  medium  (Invitrogen)  supplemented  with  1%  Glutamax-I  
(Gibco),  1%  penicillin-streptomycin  supplement (Sigma-Aldrich), 2% B-27 
(Invitrogen) and 20 ng/ml  fibroblast growth factor-2 (FGF-2) (R&D  Systems, 
Minneapolis, MN). The medium was replaced every 2 days of 4 days of culturing period. 
Then the cells were seeded into Poly-D-lysine and Matrigel coated culture substrate (10 
mm × 30 mm) of PDMS chamber at 5 × 104 cells/cm2 and to induce differentiation of 
NSCs into neurons and astrocytes, PM was changed to differentiation medium (DM) 
consisting of Neurobasal medium supplemented with 2% B-27 and 10%  astrocyte  
conditioned  medium  (ACM).  Differentiation  to  NSCs  from  ECSs  was  confirmed  
by  observing  the exponential  increase  in  cell  number,  proliferation  and  differentiation  
into  neurons  and  astrocytes  throughout  the  culturing procedures [106-107]. The cells 
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were cultured for 6 days and the medium was changed on the third day of differentiation 
where the 6 days differentiation progress of cells can be seen in Figure 11.   
 
 
 
 
Figure 11. Progress of stem cell differentiation 
D-1 D-2 
D-3 D-4 
D-5 D-6 
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The neurons matched in age to those subjected to strains were cultured in the PDMS 
chamber as a sham control, after which  they  were  set  in  and  removed  from  the  
uniaxial  stretching  device  without  receiving  any  mechanical  load.  The medium  in  
the  PDMS  chamber  was  not  removed  during  the  experiment  which  was  completed  
within  5  min.  The temperature of the device and surroundings were kept at 37°C. The 
PDMS chamber was returned to the CO2 incubator after the experiment. 
 
2.2.4 Immunostaining Analysis 
 
A  primary  effect  of  dynamic  deformation  of  axons  following stretching  is  the  
dysfunction  of  axonal  transport,  resulting  in accumulation of transported materials in 
axonal swellings within just hours  [62]. Swellings appear in a periodic interval along the 
connected axons, like beads on a string, to form a pathological phenotype referred to as 
“axonal varicosities” [108]. Axonal pathology found shortly after TBI is a single swelling 
at a disconnection point on an axon, described as a terminal “axonal bulb” (previously 
referred to as a “retraction ball”) as a result of axonal disruption [109-111]. A schematic 
for swelling and bulb formations are shown in Figure 12 below [112]. 
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Figure 12. Schematic for swelling and bulb formations [112] 
 
 Therefore, DAI can be detected histologically by the visualization of the above 
mentioned morphological indications using immunohistochemical labeling of multiple 
proteins which accumulates in injured axons [113-114]. Amyloid precursor protein (APP) 
is one of the strongest candidates amongst those proteins as it accumulates in  axonal  
swellings,  and  bulbs  2-3  h  after  brain  trauma  [114-115]  due  to  its transportation by 
fast axonal transport and used as the indicative of impaired transport [31, 116].  APP is a 
single transmembrane protein which is present in most cells and tissues. Since it can be 
converted to toxic 	-amyloid (A	) after protease hydrolysis and once pathological 
changes take place, the anterograde transport of APP becomes disrupted, which causes 
focal aggregation of APP, the use of immunohistochemistry to assess changes in APP in 
axons has become a standard of neuropathology and trauma model diagnosis of DAI [117-
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118]. Normally, 	-APP present in axons cannot be detected using immunohistochemistry 
whereas, after onset of DAI, the disruption of transportation through the axoplasm causes 
	-APP to aggregate in the axons, bringing its concentration up to detectable levels which 
makes it suitable for early diagnosis of DAI [46]. Increased  levels  of  tau  protein  
accumulation,  particularly  in  nonmyelinated  axons  of  cortical interneurons, serves as 
yet another example of a consistent TBI marker. Tau, the most abundant protein in 
microtubule-related proteins, contains a phosphoric acid group. Each molecule of tau 
contains 2-3 phosphoric acid groups where over-phosphorylated tau groups lose their 
normal transport function in axons and in turn inhibit the assembly and promote 
dissemble of microtubule, finally causing axonal breakage [46]. After DAI onset, tau is 
depolymerized to C-tau by calpain that can be detected in large amounts in cerebrospinal 
fluid (CSF) which makes tau one of the most suitable biochemical markers for not only 
experimental studies but also clinical diagnosis of DAI. 
In this study, β-APP and tau were stained by using a 2 day staining procedure at 3 
h post loading and observed  by using an inverted fluorescence microscopy  (FSX100,  
Olympus,  Japan)  equipped  with  a  fluorescence  mirror  unit  (U-MWIG3,  Olympus).  
Cultures were rinsed with Dulbecco’s phosphate-buffered saline (DPBS) with Ca2+ and 
Mg2+ and fixed with 4% paraformaldehyde for 20 minutes at room temperature.  After 
permeabilization with 0.3% Triton X-100 for 5 minutes at room temperature, cultures 
were blocked with 5% goat serum  for  60  minutes  at  room  temperature  and  incubated  
in  rabbit  polyclonal  anti-β-APP  (51-2700,  Invitrogen,  Life Technologies) and Tau 
Monoclonal Antibody (TAU-5) (MA5-12808, Invitrogen, Life Technologies) at a dilution 
of 1:50 as the primary antibody overnight at 4°C. Subsequently, 10 μg/mL Alexa Fluor 
594-conjugated goat anti-rabbit IgG (H+L) secondary antibody (A-11037,  Molecular  
Probes,  Life  Technologies)  and 10 μg/mL Alexa Fluor 488-conjugated goat anti-mouse 
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IgG (H+L) secondary antibody (A-11029,  Molecular  Probes,  Life  Technologies)  were  
applied  for  60 minutes  at  room  temperature. The resultant immunostaining image of 
cultured neurons is shown in Figure 13. 
  
 
 Figure 13. Immunostaining image of cultured neurons: β-APP (Red) and tau 
(Green) Merged 
 
β-APP and tau accumulated axonal swellings and axonal bulbs formed after 
stretching are observed and counted by fluorescent images as shown in Figure 14 and 
Figure 15 respectively.   
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Figure 14. Formation of swellings: β-APP & tau immunostaining; β-APP is shown in 
red (I), tau in green (II) and merged (III) 
 
 
ı 
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Figure 15. Formation of bulbs: β-APP & tau immunostaining; β-APP is shown in red 
(I), tau in green (II) and merged (III) 
 
Dysfunction  of  the  axonal  transport  was  defined  as  the  rate  of  neurons  that  
have β-APP and  tau  accumulated  axonal  swellings. Disruption  of  the  axonal  transport  
was  defined  as  the  rate  of neurons  that  have  β-APP and tau  accumulated  axonal  
bulb.  Results were expressed as the mean ± standard deviation (SD) of 4 independent 
experiments.  200–300 neurons per a PDMS substrate were analyzed totally.   Means 
were compared by Steel’s multiple comparison test.  A p value of less than 0.05 was 
considered significant. 
 
 
 
 
ı ıı 
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2.3 Results of Uniaxial Single Stretching Experiments 
 
Cultured NSCs in PDMS chamber were subjected to 29 different mechanical impacts 
throughout 132 experiments. In order to define the thresholds of axonal dysfunction and 
axonal disruption independently, and to clarify the relation between the impulsive strain 
and axonal injury, first the effects of the applied strain on axonal dysfunction and 
disruption were investigated. Strain rate effects were not considered at this point of the 
experiments since the idea of this set was to gain an idea about the thresholds to further 
investigate them under strain rate effects and applied strain rate values were not as high 
to induce axonal disruption and to change the threshold values. The list of applied impacts 
for this set of experiments is shown in Table 2. 
 
Table 2. Applied impacts under strain effect studies 
Impact Strain[%] Strain Rate[s-1] 
1 10 8 
2 12 11 
3 18 19 
4 23 26 
 
As shown in Figure 16, results suggest that the threshold for axonal dysfunction is 
around 18% strain whereas the threshold for axonal disruption is around 23% (Figure 17). 
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Figure 16. Rate of neurons that have β-APP and tau-accumulated axonal swellings: 
Under varying strain values of 10%, 12%, 18% and 23%. The * symbol  represents  a  
statistically  significant  difference  (p  <  0.05)  versus  sham  control  at  each  
condition  using  Steel’s multiple comparison test. Results are expressed as the mean ± 
standard deviation (SD) of 4 independent experiments. 
 
 
 
Figure 17. Rate of neurons that have β-APP and tau-accumulated axonal bulbs: 
Under varying strain values of 10%, 12%, 18% and 23%. The * symbol  represents  a  
statistically  significant  difference  (p  <  0.05)  versus  sham  control  at  each  
condition  using  Steel’s multiple comparison test. Results are expressed as the mean ± 
standard deviation (SD) of 4 independent experiments. 
 
In this set of experiments it was also confirmed that period and number of swellings 
are constant regardless of the applied strain or strain rate values which is consistent with 
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the literature [119]. Number of swellings per 100µm of axon versus applied impacts is 
shown in Figure 18. 
 
 
Figure 18. Number of swellings per 100µm of axon. 
 
Subsequently, the effects of strain rate on axonal dysfunction and disruption were 
investigated around the threshold values which the above mentioned results indicated. 
The strain rate effects were studied under 15% and 22% strain values with the 
combinations of strain rates of 4, 15, 30, 50 s-1. List of applied impacts for this set of 
experiments is shown in Table 3. 
 
Table 3. Applied impacts under strain rate effect studies (initial investigations) 
Impact Strain[%] Strain Rate[s-1] 
1 15 15 
2 15 30 
3 15 50 
4 22 4 
5 22 15 
6 22 30 
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Figure 19. Rate of neurons that have β-APP and tau-accumulated axonal swellings: 
Under strain values of 15% and 22% with varying strain rate values of 4s-1, 15s-1, 30s-1 
and 50-1. The * symbol  represents  a  statistically  significant  difference  (p  <  0.05)  
versus  sham  control  at  each  condition  using  Steel’s multiple comparison test. 
Results are expressed as the mean ± standard deviation (SD) of 4 independent 
experiments. 
 
 
Figure 20. Rate of neurons that have β-APP and tau-accumulated axonal bulbs: 
Under strain values of 15% and 22% with varying strain rate values of 4s-1, 15s-1, 30s-1 
and 50-1.  The * symbol  represents  a  statistically  significant  difference  (p  <  0.05)  
versus  sham  control  at  each  condition  using  Steel’s multiple comparison test. 
Results are expressed as the mean ± standard deviation (SD) of 4 independent 
experiments. 
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Figure 19 and Figure 20 show the results from the initial strain rate effect 
investigations. Initial investigations suggest that higher strain rate values such as 50s-1 
may have diminishing effects on the axonal disruption threshold since previous results 
shown in Figure 17 suggest 23% for axonal disruption threshold which is now decreased 
to 15% with a high strain rate value of 50s-1 as shown in Figure 20. However the initial 
results did not clarify the strain rate effect on axonal dysfunction threshold as can be seen 
in Figure 19 therefore, it was decided to investigate strain rate effects further both for 
axonal dysfunction and disruption thresholds. Thus, wider range of strain/strain rate 
combinations were investigated and the applied impact values for the second part of strain 
rate effect investigations can be seen in Table 4. Since the strain experiments showed that 
the axonal dysfunction threshold is around 18% strain value (Figure 16) and the initial 
strain rate effect experiments showed a decrease in axonal disruption threshold to 15% 
strain value with high strain rate values (Figure 20), it was decided to pursue further 
investigations from 10% strain value to 20% with varying strain rate combinations. 
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Table 4. Applied impacts under strain rate effect studies (further investigations) 
Impact Strain[%] Strain Rate[s-1] 
1 10 10 
2 10 30 
3 10 50 
4 10 70 
5 15 10 
6 15 30 
7 15 50 
8 15 70 
9 18 10 
10 18 15 
11 18 25 
12 18 30 
13 18 50 
14 20 10 
15 20 30 
16 20 50 
17 20 70 
 
Moreover, since previous experiments presented similar results for the choice of 
biomarkers used throughout the experiments, β-APP and tau protein, for the sake of 
simplicity and efficiency it was decided to use only tau protein for further experiments 
given to its easier detection properties. 
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Figure 21. Rate of neurons that have tau-accumulated axonal swellings: Under 
strain value of 10% with varying strain rate values of 10 s-1, 30 s-1, 50 s-1 and 70 s-1. The 
* symbol represents a statistically significant difference (p < 0.05) versus sham control 
at each condition using Steel’s multiple comparison test.  Results are expressed as the 
mean ± standard deviation (SD) of 4 independent experiments. 
 
 
Figure 22. Rate of neurons that have tau-accumulated axonal swellings: Under 
strain value of 15% with varying strain rate values of 10 s-1, 30 s-1, 50 s-1 and 70 s-1. The 
* symbol represents a statistically significant difference (p < 0.05) versus sham control 
at each condition using Steel’s multiple comparison test.  Results are expressed as the 
mean ± standard deviation (SD) of 4 independent experiments. 
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Figure 23. Rate of neurons that have tau-accumulated axonal swellings: Under 
strain value of 18% with varying strain rate values of 10 s-1, 15 s-1, 25 s-1, 30 s-1, and 50 
s-1. The * symbol represents a statistically significant difference (p < 0.05) versus sham 
control at each condition using Steel’s multiple comparison test.  Results are expressed 
as the mean ± standard deviation (SD) of 4 independent experiments. 
 
 
Figure 24. Rate of neurons that have tau-accumulated axonal swellings: Under 
strain value of 20% with varying strain rate values of 10 s-1, 30 s-1, 50 s-1 and 70 s-1. The 
* symbol represents a statistically significant difference (p < 0.05) versus sham control 
at each condition using Steel’s multiple comparison test.  Results are expressed as the 
mean ± standard deviation (SD) of 4 independent experiments. 
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The results for the further investigations of strain rate effect experiments for axonal 
dysfunction threshold are shown in Figure 21, Figure 22, Figure 23 and Figure 24 above. 
Further investigations indeed suggest that strain rate affects the axonal dysfunction 
threshold as well as the axonal disruption threshold. As can be seen from Figure 21, while 
there is no significant difference observed under lower impact values such as 10% strain, 
the axonal dysfunction threshold lowers to 15% strain under strain rate of 30 s-1 from 18% 
(Figure 22) whereas closer investigation around the 18% threshold value shows axonal 
dysfunction for all applied strain rate combinations except form the low strain rate value 
of 10 s-1 (Figure 23) and under higher impact values than the injury threshold such as 
20% strain (Figure 24) significant difference is observed for every impact regardless of 
the strain rate value as expected. 
The results for the further investigations of strain rate effect experiments for axonal 
disruption threshold are shown in Figure 25, Figure 26, Figure 27, and Figure 28 below. 
As in previous experiments mentioned above (Figure 21, Figure 22, Figure 23 and Figure 
24), once again results suggest that higher strain rate values may have diminishing effects 
on threshold for axonal disruption. As shown in Figure 22, since 15% strain value with 
30 and 50s-1 strain rate combinations shows significant difference for axonal dysfunction 
and considering the axonal disruption becomes the dominant injury type over axonal 
dysfunction under impacts with high strain values, it is understandable that for 15% strain 
value, only very high strain rate combination such as 70s-1 results in significant difference 
for axonal disruption. 
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Figure 25. Rate of neurons that have tau-accumulated axonal bulbs: Under strain 
value of 10% with varying strain rate values of 10 s-1, 30 s-1, 50 s-1 and 70 s-1. The * 
symbol represents a statistically significant difference (p < 0.05) versus sham control at 
each condition using Steel’s multiple comparison test.  Results are expressed as the 
mean ± standard deviation (SD) of 4 independent experiments. 
 
 
Figure 26. Rate of neurons that have tau-accumulated axonal bulbs: Under strain 
value of 15% with varying strain rate values of 10 s-1, 30 s-1, 50 s-1 and 70 s-1. The * 
symbol represents a statistically significant difference (p < 0.05) versus sham control at 
each condition using Steel’s multiple comparison test.  Results are expressed as the 
mean ± standard deviation (SD) of 4 independent experiments. 
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Figure 27. Rate of neurons that have tau-accumulated axonal bulbs: Under strain 
value of 18% with varying strain rate values of 10 s-1, 15 s-1, 25 s-1, 30 s-1, and 50 s-1. 
The * symbol represents a statistically significant difference (p < 0.05) versus sham 
control at each condition using Steel’s multiple comparison test.  Results are expressed 
as the mean ± standard deviation (SD) of 4 independent experiments. 
 
 
Figure 28. Rate of neurons that have tau-accumulated axonal bulbs: Under strain 
value of 20% with varying strain rate values of 10 s-1, 30 s-1, 50 s-1 and 70 s-1. The * 
symbol represents a statistically significant difference (p < 0.05) versus sham control at 
each condition using Steel’s multiple comparison test.  Results are expressed as the 
mean ± standard deviation (SD) of 4 independent experiments. 
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Consistently, as shown in Figure 25, no significant difference was observed below 
the threshold value (10% strain value) whereas axonal disruption threshold lowered down 
to 15% strain with the high strain rate value of 70s-1 (Figure 26) and as expected with the 
increasing strain value of 18% number of impacts which axonal disruption observed were 
also increased (Figure 27) compared to 15% strain impacts. In addition, as illustrated in 
Figure 28, for all applied impact values for 20% strain value axonal disruption observed 
which may suggest a new threshold for axonal disruption for injuries induced under lower 
strain rate values. 
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Figure 29. Tolerance data for impulsive stretch-induced axonal dysfunction and 
disruption. 
 
Finally, all data obtained from the above mentioned strain and strain rate effects 
experiments on axonal dysfunction and axonal disruption thresholds were used to obtain 
a threshold data chart for axonal dysfunction and axonal disruption separately and results 
are shown in Figure 29 above.  
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Results suggest that 15% strain is the threshold value for axonal dysfunction and 20% 
strain can be considered as the threshold value for axonal disruption. However, it is also 
clarified that under higher strain rate values such as 70s-1, and high strain values above 
20% axonal disruption becomes dominant injury type over axonal dysfunction.  
 
2.4 Discussion 
 
In this chapter, a uniaxial single stretching model is proposed which subjects cultured 
neurons to uniaxial stretch to evaluate the effects of strain and strain rate along axon to 
realize the injury threshold in order to achieve a better understanding of neuronal 
tolerance and contribute to the prediction of the secondary degeneration of DAI.  A total 
of 132 experiments are conducted. Neurons differentiated from mouse neuronal stem cells 
are injured and the morphology is observed before and after stretching with 29 different 
impacts.  
First, the effects of the applied strain on axonal dysfunction and disruption are studied 
independently where results suggest that the threshold for axonal dysfunction is near 18% 
strain whereas the threshold for axonal disruption is around 23%. Similar injury 
thresholds were also suggested in several previous studies [120-123] confirming that 
proposed results are consistent with the literature.  
Furthermore, the effects of strain rate on axonal dysfunction and disruption are 
investigated around the threshold values which the previously mentioned results indicate.  
According to the first investigations, strain rate variations show no significant influence 
on axonal dysfunction, however it significantly affect axonal disruption. Results suggests 
that higher strain rate values such as 50 s-1 may have diminishing effects on threshold for 
axonal disruption. Further investigations suggest that 15% strain is the threshold value 
for axonal dysfunction and 20% strain can be considered as the threshold value for axonal 
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disruption. It is further clarified that under higher strain rate values such as 70s-1, and high 
strain values above 20% axonal disruption becomes dominant injury type over axonal 
dysfunction. 
Several cellular injury studies have previously shown that strain rate is an important 
parameter that potentiates the severity of the injury [49, 51, 57, 122, 124-125]. The strain 
rate dependence of cell injuries can be associated with the viscoelastic properties of cells. 
With a sudden and high strain magnitude insults will result in a more severe injury, since 
the load is rapid enough to minimize stress relaxation and increase physical disruptions 
due to excessive stresses. On the other hand, some studies, a couple of those even by 
employing the same injury model with the studies supporting the previously mentioned 
idea, have found that strain magnitude is closely correlated to damage [50, 77, 120, 126-
127]. Therefore supporting the idea that strain magnitude is the dominating factor on 
neuronal tolerance rather than the rate of strain. It is possible that varying loading regimes, 
input parameters, cell preparations, time points for outcome measures, and other 
experimental variables play a role in these different responses [128].  
However results from this part of the proposed study suggest that the rate of strain is 
indeed as important parameter as the magnitude of strain since it directly affects the injury 
type and causes axonal disruption being the dominant injury type. Therefore it is hoped 
that these results can provide an additional perspective on the subject of the importance 
of the strain rate on neuronal injury. Nevertheless, this subject still merits more research 
effort since the researchers still have not reached an agreement.  
In addition to the effects of strain and strain rate on neuronal injury, the idea that 
formation of swellings being periodic regardless of the applied strain and strain rate is 
confirmed in this part of the study. Indeed as literature suggested the swellings are formed 
periodically independent from the applied impact values and the reason for this 
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phenomena is thought to be the periodic breaks of individual microtubules along axons 
which correspond regionally with said fluctuations in axon morphology, which after a 
short time evolve into periodic swellings [32, 119]. 
One other issue that should be discussed about the results of this part of the study is 
the fact that the rate of injury for both axonal dysfunction and disruption in sham controls 
from each set of experiments is marginally different from each other. This difference may 
be coming from the human and/or environmental errors in each experimental set. The 
surface properties of PDMS chambers or the quality of the cell culture as well as the 
orientation of the cells in each chamber used throughout the experiments may slightly 
differ within the fabrication processes and culture procedures as well as orientation of 
cells in the chamber for each experimental set respectively. If the important parameter of 
these results was the actual rate of injury then each sham control from each experimental 
set should have averaged and then compared to the rest of the results from the stretch 
applied conditions by using statistical analysis. However, the aim of this part of the study 
is to define the axonal injury thresholds and clarify the relationship between neuronal 
tolerance and applied strain and strain rate. Therefore in these results the trend of injury 
and the type of injury with respect to the magnitude and rate of strain are the important 
parameters rather than the rate of injury. For this reason averaging control results from 
each experimental set was not necessary or an important factor for this study. 
Moreover, under impacts with higher strain/strain rate the duration of impact of 
which cells were exposed was longer. However the maximum time difference between 
impacts are only 15 msec. In these results the statistical rate of increase in injury 
compared to the control and the change of the type of injury with respect to the magnitude 
and rate of strain are the important parameters rather than the duration of the impact 
therefore, duration of impact was not considered as an parameter in this study 
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Furthermore, values of the thresholds may change depending on the experimental 
conditions. Depending on the different material and surface properties which are used in 
experimental procedures the threshold values may change. However, if a simple, well 
validated, and explained injury criteria can be proposed, differing parameters in 
experimental conditions can be simulated by employing computational models by using 
the proposed injury criteria as a base. Then the proposed injury criteria can be employed 
for other computational and experimental studies.  
Finally, although the proposed method of uniaxial single stretching in this chapter is 
a valid method to investigate mild and severe TBI thresholds and the injury criteria 
through histological analysis, this method is not as viable to investigate mild TBI. For 
this reason the methods of uniaxial repetitive stretching and stretching on directionally 
controlled axons are proposed and explained in Chapter 3. 
 
2.5 Summary 
 
In this chapter, the uniaxial single stretching model is proposed to investigate 
moderate and severe TBI in order to create a cell level injury criteria for axonal injury 
based on the magnitude and the rate of strain. Axonal dysfunction and disruption 
occurring from dynamic stretching is studied by conducting 132 experiments with 29 
different impact values. The results suggest that the threshold of axonal dysfunction is 
15% strain and the threshold for axonal disruption is 20% strain. The swellings occurring 
as a result of axonal dysfunction are periodic regardless of the applied impact values. 
Further under high rate of strain especially combined with the high magnitude of strain 
axonal disruption becomes the dominant injury type over axonal dysfunction. 
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CHAPTER 3 
 
3.1 Uniaxial Repetitive Stretching Experiments 
 
This part of the study introduces an in vitro model  in  which  subsequent injuries  are  
induced  by  using  the previously explained uniaxial  stretching  device  in Section 2.2.1 
for realization of the post-injury sequelae of r-mTBI. Proposed in vitro uniaxial  stretching  
model  provides  a  reliable  environment  to  study the  mechanisms  underlying  cellular  
dysfunction  and  for  a  better characterization of the cellular degradation and dysfunction 
following both single and repeated injuries. A total of 15 experiments with a strain of 
10% at strain rate of 5 s-1 are conducted in this part to propose a reliable method to 
investigate mTBI specifically since it cannot be examined through the conventional 
immunohistochemistry methods. 
 
3.2 Materials and Methods  
 
3.2.1 Stretching Conditions 
 
The uniaxial stretching device explained above in Section 2.2.1 and the PDMS 
chamber in Section 2.2.2 were also used throughout these experiments. 3 types of 
stretching experiments were conducted in this part of the study. The single loading groups 
were subjected to initial stretching with a strain of 10% at strain rate of 5 s-1, the repetitive 
loading groups were subjected a second time to the same impact 1 h after the first 
stretching, therefore stretching the cells twice as shown in Figure 30.  
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Figure 30. Schematic of the single and repetitive stretching groups 
 
The sham control groups were set in and removed from the uniaxial stretching device 
without receiving mechanical loading. The medium in the PDMS chamber was not 
removed during the experiments which were completed within 5 min. The temperature of 
the device and surroundings were kept at 37°C. The PDMS chambers were returned to 
the CO2 incubator after the experiments. 
The displacement profile of the PDMS chamber under the strain of 10% at strain rate 
of 5 s-1 is shown in Figure 31. 
 
 
Figure 31. Displacement profile of the PDMS chamber 
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3.2.2 Cell Culture 
 
PC12 cells, which are tumor cells derived from rat adrenal chromaffin cells [129], 
provided by the RIKEN Cell Bank (Tsukuba, Japan). After exposure to nerve growth 
factor (NGF), cells extend neurites, which are structurally axon-like cylindrical 
protrusions, and they differentiate into cholinergic sympathetic neurons [130]. The cells 
were cultured in DMEM (Gibco) supplemented with 10% fetal bovine serum (Gibco), 
10% horse serum, 100  U/mL  penicillin  (Sigma-Aldrich),  and  0.1  mg/mL  streptomycin 
(Sigma-Aldrich) under conditions of 5% CO2  and 100% humidity at 37°C.  The cells 
were seeded into the PDMS chamber at 1500–3000 cells/cm2 in the presence of 100 
ng/mL NGF (Invitrogen) for 5 days. As sham control, neurons matched in age to those 
subjected to strains were cultured in the PDMS chamber, after which they were placed in 
and removed from the uniaxial stretching device without mechanical loading.  
 
3.2.3 Morphological Observations 
 
Cells were observed using an inverted fluorescence microscope (FSX100, Olympus, 
Tokyo, Japan). Phase-contrast images were obtained immediately before stretching and 
at 5 min, 1 h, 3 h, 6 h and 24 h after first stretching. The number of cells and length of 
neurites were manually measured with ImageJ (National Institutes of Health, Bethesda, 
MD, USA). Injured neurons were defined as the rate of neurons that have neurite 
swellings. 
Morphological changes observed in phase-contrast images after first and second 
stretching are shown in Figure 32. 
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Figure 32. Morphological changes in neurites in PC12 cells exposed to 
stretching: Phase-contrast images of PC12 cells in sham control (A, B, C and D), 
exposed to a single stretching (E, F, G and H) and exposed to a repetitive stretching 
(I, J, K and L) at pre-loading (A, E and I), at 1 h post-loading (B, F and J), at 3 h 
post-loading (C, G and K), 24 h post-loading (D, H and L). Scale bar is 50 μm. 
Arrows indicate neurite swellings. 
 
 
3.2.4 Cell Viability 
 
Cell viability was assessed by using fluorescent probes (LIVE/DEAD 
Viability/Cytotoxicity Assay Kit; Lonza, Walkersville, MD, USA) for distinguishing live 
and dead cells. Cells were rinsed with DPBS and incubated with 4 μM ethidium 
homodimer-1 (EthD-1; excitation and emission wavelengths of 528 and 617 nm, 
respectively) and 2 μM calcein-AM (excitation and emission wavelengths of 494 and 517 
nm, respectively) at 37°C for 30 min. After rinsing with DPBS, fluorescence images were 
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obtained at 24 h after injury using the FSX-100. Live and dead cells were manually 
quantified using 5 randomly selected regions per experiment. 
An exemplary fluorescence image after stretching is provided in Figure 33. 
 
 
Figure 33. Alive cells and dead cells after stretching: Phase-contrast images (left) 
and fluorescence images (right) of PC12 cells of the single loading groups (A1 and A2) 
and the repetitive loading groups (B1 and B2). Live cells are shown in green and the 
nuclei of dead cells are shown in red. 
 
 
3.3 Results of Uniaxial Repetitive Stretching Experiments 
 
15 experiments were conducted in this part of the study under the impact of 10% 
strain and 5s-1 strain rate. Neurite swellings were observed in PC12 cells exposed to 
stretching (Figure 32); however, they were present in low amounts in the sham control  
groups  and  at  pre-stretching  time  points  (Figure 34).   
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Figure 34. Time course of damage rate in PC12 cells exposed to stretching in sham 
control, following a single stretching and following a repetitive stretching. 
The * symbol represents a statistically significant difference (p < 0.05) versus sham 
controls at each time point. Arrows indicates loading points. 
 
The formation of neurite swellings in the single loading groups increased 
significantly immediately after stretching and reached a peak at 3 h, but there was no 
significant difference at 24 h compared to the  sham control group. However, swelling 
formation in the repetitive loading groups increased two times after the second stretching 
more than after first stretching and was significantly higher at all time points than that in 
the sham control group.  
The length of neurites, the number of cells and the percentage of cell viability at 24 
h after loading were shown in Table 5. 
 
Table 5. Neurite length, cell number and cell viability at 24 h after stretching 
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There was no significant difference in the neurite length and the cell number among 
all groups. Although cell viabilities of all groups were significantly unchanged, cell death 
was observed only in the repetitive loading groups shown in Figure 33. Additionally, 
neurites of the repetitive loading groups were not stained by calcein-AM even without 
swelling formation. 
 
3.4 Discussion 
 
 
In this chapter uniaxial repetitive stretching model is introduced to investigate the 
r-mTBI related cell damage for clarifying the pathology and post-injury sequelae of 
repetitive mild TBI in comparison with single mTBI.  
Three types of stretching experiments were conducted including the single loading 
groups that were subjected one time to stretching with a strain of 10% at a strain rate of 
5 s-1, the repetitive loading groups that were subjected again  to  the  same  stretching  1  
h  after  the  initial  stretching,  and  the sham control groups that were set in and removed 
from the uniaxial stretching device without receiving mechanical loading. Results shows 
that even though the initial insult induced some level of swelling formation, swelling 
formation  increased  by  second  stretching  confirming  that r-mTBI causes increased 
amounts of cellular damage when compared with the single insults of the same 
magnitude. Moreover, the absence of progression to cell death at 24 h post injury is 
detected after swelling formation by repetitive stretching.  
The research on mTBI, particularly on r-mTBI, is very recently emerging 
therefore there are very few in vitro  studies  exist  for  investigating  r-mTBI  mainly  
focusing  on  the inter-injury  interval,  pathophysiologic  response,  dependence  on  the 
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severity of insult and characterization of the cellular degradation and dysfunction [131-
134]. 
However to the best of author’s knowledge this is the first study to study r-mTBI 
in order to achieve a full scale injury criteria as well as to study the pathology and post-
injury sequelae. Moreover above mentioned infant literature on the subject requires 
thoroughly devised in vitro studies to address the post-injury sequelae at the cellular level 
to complement in vivo studies. 
Another issue to address in this part of the study is the employment of PC12 cells 
instead of NSCs which were used in Chapter 2 and Chapter 4. One reason for this is, the 
repetitive stretching experiments take a long time which is not suitable for NSCs but PC12 
cells last longer compared to NSCs. Additionally, PC12 cells are easier to culture 
compared to NSCs. Therefore for the sake of efficiency and simplicity PC12 cells are 
chosen for this part of the experiments. 
From a purely mechanical viewpoint, cells with similar properties and shapes would 
likely behave the same way in response to traumatic loading, yet tissue complexity and 
intrinsic cell signaling and functional states certainly play a role in the overall response. 
However, in this study the focus is the trend of the rate of injury with respect to the applied 
impact therefore previously mentioned parameters were not a concern for this aim. Indeed 
another study based on proposed experimental model in this chapter used the same impact 
applied here on primary cortex neuronal cells and reported the same quantitative trend in 
injury behavior [135]. It is thought that the mTBI threshold and behaviour, will be 
obtained from this method can be corralated quantitatively and therefore can be included 
in the injury criteria marked under the repeated injury range.  
The proposed model in this study is a promising method for investigating secondary 
pathways of damage. Combination with  the  directional  control  of  axonal  elongation  
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therefore achieving accurate control  and  observation  of  axonal  injury,  the  effects  of  
injury on cultures from various cell types, the long term consequences of r-mTBI, and the 
influence of different numbers of injuries and different inter-injury intervals can be 
investigated.  
  For this purpose, the direction controlled axonal elongation model is also 
proposed and explained in Chapter 4. 
 
3.5 Summary 
 
In this chapter, the uniaxial repetitive stretching model is proposed to investigate 
r-mTBI in comparison to mTBI in order to investigate the r-mTBI related cell damage for 
clarifying the pathology and post-injury sequelae. Axonal dysfunction occurring from 
dynamic stretching is studied by 3 types of stretching experiments including the single 
loading groups that were subjected once to stretching with a strain of 10% at a strain rate 
of 5 s-1, the repetitive loading groups that were subjected second time  to  the  same  
stretching  1  h  after  the  initial  stretching,  and  the sham control groups that were set 
in and removed from the uniaxial stretching device without receiving mechanical loading. 
Results shows that even though initial insult induced some level of swelling formation, 
swelling formation  increased  by  second  stretching  confirming  that r-mTBI causes 
increased amounts of cellular damage when compared with single insults of the same 
magnitude. Moreover, the absence of progression to cell death at 24 h post injury is 
detected after swelling formation by repetitive stretching.  
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CHAPTER 4 
 
4.1 Stretching Experiments on Direction Controlled Axons 
 
 
Methods for directional control of neuronal growth are proposed in this part in order 
to further investigate r-mTBI and the effects of repetitive stretching on mTBI to 
understand mTBI behavior under impulsive stretching.  Unlike random oriented neuronal 
cultures, it is also aimed to gain a better understanding of the effects of applied strain on 
axonal injury on individual cells by using microgroove structures to ensure the directional 
control of axonal elongation. 24 experiments were conducted in this part. Cultured 
neurons were stretched with a strain of 22% at a strain rate of 37 s-1, and the number of 
swellings per mm of the axon was calculated manually for each orientation angle (0˚, 30˚, 
45˚, 60˚, 90˚) of the axons relative to the stretching direction to confirm that axons 
oriented in the stretching direction were more susceptible to strain effects.  
 
4.2 Materials and Methods 
 
4.2.1 Stretching Conditions 
 
The uniaxial stretching device introduced in Section 2.2.1 was once again used 
for this proposed method. The orientation angles of 454 neurites cultured by using the 
directional control technique of axonal elongation, are 9.2° ± 3.5 (mean ± SD) from the 
stretching direction, and 56% neurites were oriented at less than 5° from the stretching 
direction. The strain applied to the neurons that have oriented neurites with less than 5° 
orientation from the stretching direction were measured under quasi-static stretching as 
shown in Figure 35.  
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Figure 35. Quasi-static stretching of axons oriented in the direction of stretching: 
Neuron before stretching (A), during stretching of the culture substrate with 1 mm 
displacement (B), 2 mm displacement (C), 3 mm displacement (D), 4 mm displacement 
(E), and after stretching (F). The scale bar is 100 μm. 
 
Applied strain was calculated by dividing the elongation (change in gauge length) 
by the initial gauge length. The strain in each part of the neuron is shown in Figure 36. 
The entire length of a neuron was proportionally extended in the form of tensile 
displacements with small variations (Figure 36A). The length of the neurites were 
proportionally extended in the form of tensile displacements with large variations (Figure 
36C and D). Moreover, the extension of the cell body was negligible (Figure 36B).  
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Figure 36. Strain on oriented neuron (A), a cell body (B), and neurites (C and D) 
 
 
4.2.2 Microcontact Printing Method for 2-D Micropatterning 
 
Cell-adhesive line patterns were fabricated on a culture substrate of the PDMS 
chamber explained above in Section 2.2.2 through a microcontact printing method for 
cell adhesion proteins [119] using the procedure shown in Figure 37. Microgroove 
structure for stamping cell adhesion proteins on the culture substrate was fabricated using 
soft lithography method [52]. 40-μm-thick SU-8 was coated as photoresist material on a 
silicon wafer using a spin coater. The soft-baked substrate was exposed to ultraviolet light 
using a mask aligner through the photomask employed to fabricate the 25 μm-wide 
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microgroove patterns. The patterns in the post-baked substrate were created using the SU-
8 developer and rinsed with 2-propanol. 
 
 
 
Figure 37. Microcontact Printing Method for 2-D Micropatterning 
 
 
A mixture of PDMS prepolymer and a curing agent poured over a master mold in a 
dish to transfer the structure of the microgrooves to PDMS. Then, the microgrooves were 
coated with the solution including cell adhesion proteins, and a thin film of proteins was 
formed over the microgrooves. The protein covered microgrooves were stamped on the 
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culture substrate, and the proteins that adhered on microgrooves were transferred to the 
culture substrate and created the 2-D micropatterns. Finally, the NSCs where the culture 
methods were explained in Section 2.2.3, they were cultured on micropatterns. 
Phase contrast images of oriented axonal elongation is provided in Figure 38. 
 
 
Figure 38. Direction controlled axonal elongation on micropatterns (Arrows: Axons, 
Arrowheads: Cell bodies) 
 
4.2.3 Immunostaining Analysis 
 
Immunostaining analysis were also performed by using the same protocols as 
explained in Section 2.2.4 but only tau protein was stained in this part of the experiments 
for the sake of efficiency and simplicity.  
Tau was stained at 3 h post loading and observed by using an inverted fluorescence 
microscopy (FSX100, Olympus, Japan). The cultures were fixed with 4% 
paraformaldehyde for 20 min at room temperature, permeabilized with 0.3% Triton X-
100 for 5 min at room temperature, blocked with 5% goat serum for 60 min at room 
temperature, and incubated in mouse anti-Tau monoclonal antibody (13-6400, 
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Invitrogen) at a dilution of 1:50, as the primary antibody, overnight at 4 °C. Subsequently, 
10 μg/mL Alexa Fluor 488-conjugated goat anti-mouse IgG (H+L) secondary antibody 
(A-11029, Invitrogen) was applied for 60 min at room temperature. The cell nuclei were 
stained with DAPI (NucBlue Fixed Cell ReadyProbes Reagent, Invitrogen).  
Furthermore, the same injury analysis methods were applied in this part for 
consistency in which dysfunction  of  the  axonal  transport  was  defined  as  the  rate  of  
neurons  that  have tau  accumulated  axonal  swellings and disruption  of  the  axonal  
transport  was  defined  as  the  rate  of neurons  that  tau  accumulated  axonal  bulb.  The 
neurons having both swellings and bulbs were counted as showing disruption of the 
axonal transport. The results were expressed as the mean ± standard deviation (SD) of 
four independent experiments. Totally, 100–150 neurons per PDMS substrate were 
analyzed. The mean values were compared by Steel’s multiple comparison test. A p value 
of less than 0.05 was considered significant. 
Tau accumulated axonal swellings and axonal bulbs formed after stretching were 
observed as shown in Figure 39.  
 
 
Figure 39. The formation of axonal swellings (arrows) and bulb (arrowhead): The 
upper image shows the neurons in sham control whereas the bottom image shows the 
neurons after stretching. The scale bar is 50 μm. 
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4.3 Results of Stretching Experiments on Direction Controlled Axons 
 
24 experiments were conducted in this part. First, cultured neurons were stretched 
with a strain of 22% at a strain rate of 37 s-1, and the number of swellings per 1 mm of 
the axon was calculated manually for each orientation angle (0˚, 30˚, 45˚, 60˚, 90˚) of the 
axons relative to the stretching direction to confirm that the axons oriented in the 
stretching direction were more susceptible to strain effects (Figure 40).  
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Figure 40. The number of swellings in the neurons in sham control (upper) and in 
neurons following stretching (lower) 
 
 
 
There was no difference in the number of swellings for each orientation angle before 
and after setting the sham control in the device, however, the axonal swellings increased 
at 5 min post-stretching as the orientation angle became smaller, as shown in Figure 40; 
that is, the axons oriented parallel to the stretching direction were the most injured.  
 
4.4 Discussion 
 
24 experiments were conducted in this part. Cultured neurons were stretched with a 
strain of 22% at a strain rate of 37 s-1, and the number of swellings per mm of the axon 
was calculated manually for each orientation angle (0˚, 30˚, 45˚, 60˚, 90˚) of the axons 
relative to the stretching direction to confirm that axons oriented in the stretching 
direction were more susceptible to strain effects. 
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As expected the axonal swellings increased at 5 min post-stretching as the orientation 
angle became smaller meaning that the axons oriented parallel to the stretching direction 
were the most injured. 
However, it is also vital to study the repetitive stretching model on oriented axons 
since previous computational and experimental studies [52, 136-137] suggest that axonal 
injury thresholds are strongly dependent on the  direction  of  axons,  since  oriented  
axons  on  the stretching  direction  are  more  susceptible  to  injury.  But,  the strain/strain  
rate  combinations  analyzed  in  above  mentioned  studies  are  limited  to  determine  
axonal  injury  thresholds accurately. If the method proposed here, which confirms the 
idea suggested by literature that is axonal injury thresholds are strongly dependent on the 
direction of axons, would be combined with the repetitive stretching model would be 
useful to analyze r-mTBI, since oriented axons on the stretching direction will receive 
more injury it will bring the rate of injury upto histologicaly detectable levels, hence the 
observation of the injury will improve. Further, considering repetitive stretching model 
requires observation of the same cells employing, directional control will make analysis 
of r-mTBI more accurate compared to the randomly oriented cultures. Lastly, since future 
work for this study will be inducing repetitive stretching more than twice, the direction 
control method will allow multiple stretching on the same axon, therefore more accurate 
r-mTBI thresholds and behaviour can be evaluated. 
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4.5 Summary 
 
In this chapter the directional control method for axonal elongation is proposed to 
further clarify the relation between the repetitive injury with TBI and to further investigate 
mTBI behavior under an impulsive stretch. 
24 experiments were conducted in this part. Cultured neurons were stretched with a 
strain of 22% at a strain rate of 37 s-1. Different orientation angles (0˚, 30˚, 45˚, 60˚, 90˚) 
of the axons relative to the stretching direction were studied to confirm that axons oriented 
in the stretching direction were more susceptible to strain effects. 
Axonal swellings increased at 5 min post-stretching as the orientation angle became 
smaller, meaning that the axons oriented parallel to the stretching direction were the most 
injured. 
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CHAPTER 5 
 
 
5.1 Summary 
 
In this study, total of 132 experiments are conducted with 29 different mechanical 
impacts are applied to induce mild, moderate and severe axonal injury by using uniaxial 
stretching on cultured neuronal cells in order to clarify the relation between the impulsive 
strain, strain rate and axonal injury thresholds. To the best of the author’s knowledge, this 
is the first study to investigate axonal dysfunction and disruption separately with respect 
to the applied strain and strain rates. It is aimed to obtain tolerance data for axonal 
dysfunction and disruption independently in order to clarify the axonal injury type under 
impact, provide vital input for computational studies and contribute to the literature gap 
by explaining impact biomechanics of axonal injury. Herein, the evaluation is performed 
by immunohistochemical labeling, with β-APP and tau protein accumulation as 
biochemical markers of choice. 
Therefore, this thesis contributes to the literature by; 
 Being the first study aims to clarify neuronal tolerance under traumatic injury by 
providing an experimental, microscopic level, biomechanics based tolerance 
criteria with respect to applied strain and strain rate   
o Clarifying the injury types and severity (axonal dysfunction/disruption) 
under impulsive stretch 
o Clarifying the effects of strain and strain rate on neuronal tolerance 
 Establishing a valid experimental model for mTBI investigation to achieve a full 
injury criteria on mild, moderate and severe TBI 
 Establishing a valid experimental model of direction control of axonal growth in 
order to further investigate mTBI threshold and behavior in terms of r-mTBI 
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5.2 Conclusion 
 
Uniaxial single stretching experiments: 
 
Results from uniaxial single stretching experiments suggest that the threshold for 
axonal dysfunction is around 18% strain, whereas the threshold for axonal disruption is 
around 23%. Furthermore, the effects of strain rate on axonal dysfunction and disruption 
are investigated around the threshold values which the previously mentioned results 
indicates. According to the first investigations, the strain rate variations show no 
significant influence on axonal dysfunction, however it significantly affect axonal 
disruption. Results suggests that the higher strain rate values such as 50 s-1 may have 
diminishing effects on threshold for axonal disruption. Further investigations suggest that 
15% strain is the threshold value for axonal dysfunction and 20% strain can be considered 
as the threshold value for axonal disruption. However, it is also clarified that under higher 
strain rate values such as 70s-1, and high strain values above 20%, axonal disruption 
becomes the dominant injury type over axonal dysfunction. 
Finally, all data obtained from the above mentioned strain and strain rate effects 
experiments on axonal dysfunction and axonal disruption thresholds are used to obtain a 
threshold data chart for axonal dysfunction and axonal disruption separately to further 
clarify the relation between impact mechanics and axonal injury. 
 
Uniaxial repetitive stretching experiments: 
 
Results show that even though initial insult of strain of 10% at a strain rate of 5 s-1 
has induced some level of swelling formation, swelling formation is increased by a second 
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stretching of the same impact confirming that r-mTBI causes increased amounts of 
cellular damage when compared with single insults of the same magnitude. Moreover, 
the absence of progression to cell death at 24 h post injury is detected after swelling 
formation by repetitive stretching.  
 
Direction controlled axonal elongation experiments: 
 
Cultured neurons are stretched with a strain of 22% at a strain rate of 37 s-1, and the 
number of swellings per mm of the axon are calculated manually for each orientation 
angle (0˚, 30˚, 45˚, 60˚, 90˚) of the axons relative to the stretching direction where the 
results confirm that axons oriented in the stretching direction are more susceptible to 
strain effects.  
 
This thesis establishes promising methods to achieve an experimental, microscopic 
level, biomechanics based tolerance criteria with respect to applied strain and strain rate 
where the resultant tolerance data obtained in this thesis can be seen in Figure 41. 
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Figure 41. Tolerance data obtained in this study 
 
 
5.3 Future Work 
 
 
The uniaxial single stretching model introduced in Chapter 2 needs to be further 
investigated with wider range of strain/strain rate impacts in order to be completed.  
Moreover, uniaxial repetitive stretching model introduced in Chapter 3 should be 
employed on NSCs in order to achieve a more acurate correlation of the quantitative 
injury trends on the injury criteria. In addition the interval of repetition, number of 
repeated stretching and parameters of the applied impact should be investigated. 
 Also the uniaxial repetitive stretching model should be combined with the stretching 
on directional controlled axons model, which is explained in Chapter 4, for better 
understanding of behavior and the threshold of mTBI.   
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Furthermore, secondary degeneration studies such as action potential studies need to 
be taken into account in order to obtain full functional evaluation on injured neurons.  
Finally, using these experimental results as input for computational models to further 
develop the injury criteria is a vital future work for this study as shown in Figure 42.      
 
 
Figure 42. Future development of the injury criteria 
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